Abstract. We have isolated a subcellular fraction of small vesicles (mean diameter, 300 nm) from frog photoreceptors, that accumulate newly synthesized rhodopsin with kinetics paralleling its appearance in post-Golgi membranes in vivo. This fraction is separated from other subcellular organelles including Golgi and plasma membranes and synaptic vesicles that are sorted to the opposite end of the photoreceptor cell. The vesicles have very low buoyant density in sucrose gradients (p = 1.09 g/ml), a relatively simple protein content and an orientation of rhodopsin expected of transport membranes. Reversible inhibition of transport by brefeldin A provides evidence that these vesicles are exocytic carriers. Specific immunoadsorption bound vesicles whose protein compos!tion was indistinguishable from the membranes sedimented from the subcellular fraction. Some of these proteins may be cotransported with rhodopsin to the rod outer segment; others may be involved in vectorial transport.
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C
OUPONE~TS involved in the transport of membrane proteins through the Golgi stack have been studied extensively using a reconstituted cell-free system (Orci et. al., 1989; Melancon et. al., 1987) . Developing such a system for studies of post-Golgi transport would require isolation of the subcellular compartments involved in sorting of membranes to various domains of the polarized cell (Rodriguez-Boulan and Nelson, 1989) . This has been very difficult since vesicles and/or cisternae involved in the post-Golgi transport are transient intermediates and constitute a small fraction of the total population of smooth membranes of the cell. Transport vesicle isolation was facilitated in yeast, where temperature-sensitive mutants accumulate post-Golgi vesicles at the nonpermissive temperature (Walworth and Novick, 1987) . Vesicles were also isolated from virus infected, unpolarized BHK cells (de Curtis and Simons, 1989) and mechanically perforated polarized MDCK cells (Bennet et al., 1988; Wandinger-Ness et al., 1990) .
The highly polarized photoreceptor cells of the vertebrate retina have several advantages for the study of post-Golgi sorting of membrane proteins. These cells synthesize large amounts of a relatively simple membrane, mostly composed of a single membrane protein, rhodopsin, and sort opsin, the apoprotein of rhodopsin, and its associated proteins to a unique organelle, the rod outer segment (ROS) ~ (see Fig.  1 ). Rhodopsin constitutes "o85 % of the ROS disk membrane protein and serves as the receptor to initiate visual excitation (Hall et al., 1969; Papermaster and Dreyer, 1974) . Disk renewal ( Fig. 1 ) requires addition of "~ 3 #m2/min of ROS membranes in amphibians (Besharse, 1986) . At the apex of the amphibian rod inner segment, small opsin-laden vesicles cluster beneath the base of the cilium (Besharse and Pfenninger, 1980; Peters et al., 1983) . The trans-cisternae of the frog rod Golgi complex have been suggested to be a compartment for sorting of opsin and synaptophysin, proteins destined for opposite ends of the photoreceptor cells (Schmied and Holtzman, 1989) ; therefore opsin-bearing post-Golgi membranes should contain all the signals necessary for their proper sorting.
To isolate these membranes we have followed the kinetics of distribution of radiolabeled opsin in retinal subcellular fractions that have been separated on linear sucrose density gradients. Similar gradients were used for the separation of the vesicles carrying apical and basolateral proteins of the rat hepatocyte plasma membrane (Bartles et al., 1987) and for the sedimentation of the transport vesicles released from perforated MDCK cells (Bennet et al., 1988) . This strategy generated a subcellular fraction with a very low buoyant density that accumulates newly synthesized opsin after it has been chased from the Golgi. We have successfully inhibited this accumulation using brefeldin A (BFA), a drug that inhibits protein transport by disrupting the dynamic membrane pathway between the ER and Golgi (Lippincott-Schwartz et al., 1989 Ulmer and Palade, 1989) . BFA has been shown to have a similar effect on photoreceptor cells, inhibiting arrival of the newly synthesized proteins, but not lipids, to the rod outer segments (Fliesler, S. J., and R. K. Keller.
In Vitro Incorporation of [35S]Methionine and Retinal Subcellular Fractionation
All experiments were conducted under dim red light: frogs were returned to darkness (to facilitate retinal isolation) 2 h before the time of light offset. Preliminary experiments indicated that protein synthesis was maximal in the late afternoon. Frog eyecups or isolated retinas were incubated in oxygenated medium which was prepared as follows. Amino acids and vitamins were reconstituted from the MEM Select-Amine Kit to final concentrations described by Wolf and Quimby (1964) , cold methionine was omitted except during the chase. To this medium salts were added according to the in vitro incubation medium described by Greenberger and Besharse (1983) . In the experiments involving BFA, the drug was added from a 5 mg/ml solution in methanol to reach a final concentration of 5 #g/ml (Ulmer and Palade, 1989) .
Seven eyecups or retinas were incubated in 15 ml of media at 20°C, and [35S]methionine (25 /zCi per retina) was added. No differences were observed with either preparation. After each incorporation, retinas were isolated from eyecups and ROS were purified on a step sucrose gradient as described by Papermaster and Dreyer (1974) with the addition of protease inhibitors: 10 #g/ml antipain, 2 #M leupeptin, and 100 KIU/ml aprctinin. Retinal pellets were rehomogenized as described by Papermaster et al. (1975) . Supernatants (3 ml) were overlaid on 10 ml linear 20-39% (wt/wt) sucrose gradients containing protease inhibitors as above in 10 mM Trisacetate pH 7.4 and 1 mM MgCI2, above a 0.5-ml cushion of 49% (wt/wt) sucrose in the same buffer (Dunn and Hubbard, 1984) . The gradients were prepared using a Buchler Auto Densi-Flow fractionator (Buchler Instrument Inc., Fort Lee, NJ). After centrifugation at 100,000 gay for 13 h in a rotor (SW40; Beckman Instruments, Inc., Palo Alto, CA) at 4°C, 0.9-ml fractions were reproducibly collected from the top of the gradient using the same fractionator.
The refractive index and galactosyl-transferase activity of each fraction was determined using a small aliquot and the remainder was diluted with 10 mM Tris pH 7.4 and centrifuged at 40,000 rpm for 40 rain in a rotor (SW40; Beckman Instruments, Inc.). Pellets were resuspended in 10 mM Tris pH 7.4 and aliquoted for determination of protein concentration, radioactivity, and for analysis by SDS-PAGE. Protein samples were solubilized in 50% hexyl-fl-D-glucopyranoside (final concentration 8%) and protein concentrations were determined using the Bradford protein assay modified for membrane proteins (Fanger, 1987) . Samples were resuspended in Optifluor and radioactivity was determined in a scintillation counter (LS7000; Beckman Instruments, Inc.). Channels ratios were compared to determine the relative quenching and varied little. Galactosyl-transferase activity was measured as described by Bartles et al. (1987) .
SDS-PAGE, Autoradiography, and Immunobiotting
Membranes that were pelleted at 40,000 rpm for 40 min in a rotor (SW40; Beckman Instruments, Inc.) after dilution of different retinal fractions were solubilized and separated on 10% SDS-PAGE according to Laemmli (1970) . Gels were stained and impregnated with 1 M Na-saiicylate for 1 h, dried, and autoradiographed repeatedly for various times at -70°C using Kodak X-Omat film with intensifying screens. To obtain autoradiographs within linear range of the film, exposure times in the different experiments varied greatly. Autoradiographs were scanned with the laser densitometer (LKB Instruments, Inc., Gaithersburg, MD). SDS-PAGE gels were blotted onto Immobilon-P membranes according to Matsudaira (1987) . Blots were incubated in 5% nonfat dry milk, 1% BSA, and 0.1% Tween 20 in TBS (20 mM Tris pH 7.5, 500 mM NaC1) for 1 h in order to reduce nonspecific protein binding. Antibodies were diluted to 1/~g/ml in TTBS (TBS containing 0.05 % Tween 20) and incubated for 2 h at 20°C. After three washes in TBS and TTBS, immunoblots were incubated for 1 h in peroxidase-conjugated anti-mouse (or anti-rabbit) IgG diluted 1:2,000 and bound antibodies were detected as described in Deretic and Hamm (1987) .
Thermolysin Digestion of ROS and Fraction 5 Membranes
Membranes were digested with thermolysin as described by Kiihn et al. (1982) and Hargrave et al. (1987) . Thermolysin was added to a final ratio of 4 #g of enzyme/25 p,g of protein in a total volume of 80 ttl containing 10 mM Tris acetate, pH 7.4 and 4 mM CaC12. After 1 h at 20°C, digestion was stopped with 0.2 M EDTA and digestion products were analyzed by SDS-PAGE, immunoblotting, and autoradiography.
Preparation of mAb llD5
A BALB/c mouse was injected intraperitoneally with 50 p,g of fraction 5 membranes and boosted with the same membranes mixed with excess mAb E to the NH2-terminal domain of rhodopsin (Adamus et al., 1985) and mAb 1D4 to the COOH-terminal domain (MacKenzie et al., 1984) . Antibody-producing hybridomas were obtained by the method of Kohler and Milstein (1975) . ELISA plates were coated with fraction 5 proteins, 25 ng/well; antibody-producing hybridomas were detected using peroxidaseconjugated anti-mouse IgG and isotyped using the Screen Type kit. mAb 11D5 belongs to the IgG1 subclass. Hybridomas producing this antibody were subcloned twice by the method of limiting dilution. Antibody was purified from ascites fluid on a protein A-Sepharose 4B affinity column as described by Ey et al. (1981) . Specificity of the antibody was tested by immunoblotting (as described above).
lmmunoisolation of the Vesicles
Immunoisolation using mAb 11D5 and murine IgG1 was performed as described by Burger et al. (1989) . The final concentration of bound antibody or IgG1 was ~7/~g/mg of beads. Beads were blocked for I h with 5% nonfat dry milk and 1% BSA in PBS in order to reduce nonspecific binding (which varied between 5 and 15 %). The retinas were radiolabeled by 90 min of incubation with [35S]methionine and 2 h of cold chase. Coated beads (2.5 mg) were incubated with 20 t~g of fraction 5 (equivalent to membranes sedimented at 40,000 rpm from four retinas), for 2 h at 4°C, either after pelleting or directly from the sucrose gradient fraction. After several washes with 0.25 M sucrose containing protease inhibitors (as described above in the homogenizing buffer), each sample was divided in two portions and half of the immunobeads, with bound organelles, was resuspended in 150 mM NaC1, 10 mM Tris pH 7.4, containing 2 % SDS and protease inhibitors (as described above), and analyzed by SDS-PAGE. The other half was fixed and processed for EM analysis as described below.
Electron Microscopy
After in vitro incubation with [35S]methionine in the presence or absence of BFA, retinas were fixed in 4% formaldehyde and 1% glutaraldehyde in 0.12 M cacodylate buffer pH 7.5 for 1 h at 20°C, postfixed in OsO4 and embedded in Epon.
Membranes from the sucrose gradient fractions were pelleted for 1 h at 50,000 rpm in a rotor (SW50.1; Beckman Instruments, Inc.) with adaptors to obtain a small pellet. Pellets were fixed with 2% glutaraldehyde in 120 mM cacodylate pH 7.4 containing 3 % sucrose, for 30 min on ice, postfixed with OsO4, stained with uranyl acetate, and embedded in 2 % agarose by a modified procedure of De Camilli et al. (1983) . Blocks of membranes in agarose were formed in Eppendorf microcentrifuge tubes (Brinkmann Instruments Co., Westbury, CT) dehydrated in ethanol and embedded in Epon.
Immunoisolated vesicles, attached to the immunobeads, were fixed in 3 % glutaraldehyde in 100 mM cacodylate, pH 7.4 containing 7.5 % sucrose, for 1 h on ice, rinsed, resuspended in the same buffer, and mixed with an equal volume of 2 % agarose. Small blocks were formed, postfixed with OsO4, dehydrated, and embedded in Epon.
Frog retinas were embedded in LR gold and labeled with rnAb 11D5 according to the procedure of Berryman and Rodewald (1990) , except that postfixation with OsO4 was omitted. Bound mAb 11D5 was detected by rabbit anti-mouse IgG and goat anti-rabbit IgG conjugated to 10-nm gold. Thin sections were stained with uranyl acetate and lead citrate. All thin sections were examined in a Philips 301 electron microscope.
To measure the average vesicle diameter, pellets of retinal subcellular fractions obtained from one experiment were sectioned parallel to the longitudinal axis of sedimentation and electron micrographs (x16,500) were obtained by random sampling. A point counting grid was overlaid randomly on 10 images; 10 vesicles were chosen at intersections of the grid from each image and were measured with a graded series of circles (Weibel, 1979) . Review of sections of retinal fractions from multiple experiments indicated that the sample chosen for quantitative analysis was representative.
Results

Newly Synthesized Opsin Accumulates in Vesicles of Low Buoyant Density with a Kinetics that Parallels Its Appearance in Post-Golgi Membranes In Vivo
Movement of newly synthesized opsin through the subcellular compartments of the retinal rods was followed by the pulsechase experiments.
[35S]Methionine incorporation times were chosen according to the in vivo studies schematically presented in Fig. 1 . After various periods of incubation, retinas were isolated from the eyecups. ROS were removed, the remaining radiolabeled membranes were separated on linear 20-39 % sucrose gradients, pelleted, and specific activity of each gradient fraction was determined (Fig. 2) .
After 30 min of [35S]methionine incorporation, the specific activity of sedimentable protein is highest in fraction 14 (p = 1.19 g/rnl), which corresponds to the density of ER membranes in sucrose (Balch et al., 1984) . By 90 min of incubation, newly synthesized proteins distribute predominantly in fractions which also contain galactosyl-transferase activity, a marker for Golgi membranes (p = 1.2-1.16 g/ml). When 90 min of incorporation is followed by 2 h of cold chase, fraction 5, with a very low buoyant density (p = 1.09 g/ml), becomes highly labeled. This low density fraction has the highest specific activity at this time, and yet it contains only 0.03 % of the total protein isolated from the retinal homogenate (not including the ROS separated in the first step of the fractionation). The population of radiolabeled membrane proteins of fraction 5 is relatively simple when compared to the other subcellular fractions. A representative SDS-PAGE gel of all of the fractions is shown in Fig. 3 A and its autoradiograph in Fig.  3 B. Fractions 9-14 appear relatively similar in their composition, their total protein content, and the relative abundance of opsin, which is a minor protein in these fractions. Fractions 7 and 8 have a low protein content, but their relative opsin content is higher, partly because small amounts of residual ROS are incompletely separated during the first step of the fractionation and cosediment with these two fractions (p = 1.12-1.13 g/ml). Fraction 5 membranes contain fewer proteins and some of them are enriched, especially polypeptides of 50 and 20 kD. The opsin content in this fraction is comparable to other retinal fractions (except 7 and 8) and its apparent molecular weight is the same as the mature rhodopsin isolated from ROS (shown in the last lane). The gel shown in Fig. 3 A, exposed to prolonged autoradiography (Fig. 3  B) reveals that proteins enriched in fraction 5 are also radiolabeled after 90 min of isotope incorporation followed by 2 h of cold chase. However, opsin is the major radiolabeled protein in all of the subcellular fractions.
To quantitate the amount of [35S]methionine incorporated into opsin after various times of incubation, less exposed au- Figure 3 . Radiolabeled retinal proteins separated by SDS-PAGE. Membranes were pelleted from retinal subcellular fractions of the linear sucrose gradient after 90 rain of [35S]methionine incorporation followed by 2 h of cold chase, and separated by SDS-PAGE on a 10% gel. The gel was stained with Coomassie blue (A), dried, and autoradiographed for 2 d at -70"C (B). Aliquots in each lane contained the membranes isolated from six retinas. The ROS aliquot equals 0.2 retinas. Migration of molecular weight standards is indicated, as is the migration of opsin, which is the major radiolabeled protein synthesized by the retina. This gel was exposed for a long period so that its autoradiograph would be useful to demonstrate minor radiolabeled proteins. The opsin region is, therefore, greatly overexposed. The autoradiographs of this same gel that are generated after shorter exposure resemble that which is shown in Fig. 4 A (90 min + chase), namely fraction 5 contains the greatest amount of radiolabeled opsin.
toradiographs of the opsin region of the gels at each incubation condition were compared (Fig. 4, A and B) . After 30 min of isotope incorporation, radiolabeled opsin is found predominantly in the heavy fractions of the gradient (fractions 8-14). Electrophoretic migration of the newly synthesized opsin in fractions 13 and 14 is slower, suggesting that higher molecular weight forms of opsin predominate in those fractions, probably with untrimmed oligosaccharides, in contrast to mature opsin which has two unusually short hexasaccharide chains (Fukuda et al., 1979; Liang et al., 1979) . During the subsequent course of protein synthesis in the presence of [35S]methionine, the greatest amount of radiolabeled opsin is found in the Golgi-enriched fractions, and it has the same mobility as mature rhodopsin in ROS.
Only after the chase, when the Golgi apparatus is relatively depleted, does radiolabeled opsin predominantly accumulate in fraction 5 (Fig. 4, A and B) . This result suggests that fraction 5 contains post-Golgi membranes that are transporting opsin vectorially to the outer segment. Further evidence for this functional assignment comes from the kinetics of appearance of newly synthesized opsin in the outer segments as fraction 5 becomes highly labeled. Fig. 4 C shows that after 90 min of incubation with the labeled precursor followed by two hours of cold chase, radiolabeled opsin begins to be recovered in ROS fractions. Thus newly synthesized opsin arrives in ROS fractions after in vitro isotope incorporation at intervals that parallel prior in vivo studies of transport of radiolabeled proteins in rods, schematically presented in Fig. 1 (Young and Droz, 1968; Hall et al., 1969; Papermaster et al., 1975 Papermaster et al., , 1985 Papermaster et al., , 1986 .
Low Buoyant Density Vesicles Carrying Newly Synthesized Opsin Are Separated from Synaptic Vesicles As Well As from Vesiculated Plasma Membranes
Opsin and synaptophysin, a synaptic membrane protein, are sorted to the opposite ends of the photoreceptor cells. Sorting of these proteins occurs from the Golgi apparatus, since they have been colocalized in the trans-Golgi cisternae of the frog rods, but not on the same transport vesicles (Schmied and Holtzman, 1989) . Opsin bearing vesicles therefore, should not contain synaptophysin. To localize this protein we have reacted blots of retinal subcellular fractions with an antibody to frog synaptophysin (Valtorta et al., 1988) . Membranes containing synaptophysin sediment in fractions 6-11 and represent only a minor contaminant (or component) of fraction 5 (Fig. 5, bottom) . Reaction of the same blot with antibody to soluble cytosolic protein, arrestin (48K) (Mangini and Pepperberg, 1988) , reveals that this protein is found predominantly in fraction 3, indicating that unbound cytosolic proteins remain mostly on the top of the gradient and are not found significantly in fraction 5. This suggests that proteins found in fraction 5 that are not sedimentable in the 40,000 rpm pellet (see Fig. 11 B) , may be peripherally associated with the membranes.
Immunoblots of retinal subcellular fractions with an antibody to Na,K-ATPase (Fig. 5, top) , an enzyme localized exclusively in the plasma membrane of the photoreceptor inner segment (Schneider and Kraig, 1990; Schneider et al., 1991) , revealed that majority of the plasma membranederived vesicles sediments in heavier fractions 9-11, corre-
The Journal of Cell Biology, Volume 113, 1991 Figure 5 . A synaptic membrane protein (synaptophysin), a plasma membrane protein of the inner segment, (Na,K-ATPase), and soluble protein (arrestin) are virtually absent from fraction 5. Both synaptophysin and Na,K-A'fPase are found in more dense fractions while arrestin sediments in fractions of lesser density than fraction 5. Retinal proteins separated on the SDS-PAGE gel were blotted onto Immobilon-P membranes and immunoreactivity with different antibodies was determined, as indicated on the figure. The immunoblot shown on the tower panel was first incubated with antiserum to arrestin, developed to reveal bound peroxidase activity, incubated with antiserum to synaptophysin, and developed again.
sponding to the densities of plasma membranes previously described in other cells (Dunn and Hubbard, 1984) . Post-Golgi membranes carrying newly synthesized opsin are therefore separated from cytosol, vesiculated plasma membranes and the synaptic vesicles of the opposite end of the rod cell on the sucrose density gradients we used.
Vesicles Accumulating Newly Synthesized Opsin Are Exocytic Carriers
We investigated the source of the vesicles further by use of the fungal antibiotic BFA which reversibly blocks transport of newly synthesized membrane proteins by inducing membrane flow from the Golgi back to the rough endoplasmic reticulum (Ulmer and Palade, 1989; Lippincott-Schwartz et al., 1989 ) in many cells, including photoreceptors (Fliesler and Keller, 1989) , and does not inhibit endocytosis (Misumi et al., 1986) . We included BFA in the incubation media of isolated retinas for various time periods of pulsechase experiments and followed intracellular opsin transport. Electron micrographs of BFA-treated retinas reveal the disruption of the Golgi apparatus and redistribution of ER and smooth membrane elements in the rod inner segment. These results completely parallel the results described earlier by S. J. Fliesler and R. K. Keller (1989. J. CellBiol. 109 Figure 4 . The maximum level of newly synthesized opsin shifts to the fraction of light vesicles (fraction 5) after the cold chase, at the same time that radiolabeled opsin appears, at low levels, in the ROS. (A) Opsin region of the autoradiographs. Membranes were pelleted from retinal subcellular fractions as indicated and separated on 10% SDS-PAGE. Aliquots equal to membranes from three retinas were separated in each lane. Gels were dried and autoradiographed. The autoradiographs chosen for this figure were exposed at -70°C as follows: 30-rain incubation, 6 d; 90-min incubation, 2 d; 90-min incubation and 2 h of cold chase, 1 d so that incorporation into the opsin band could be quantitated. Various exposure times were necessary for densitometric quantitation since the specific activity of fraction 5 proteins increases >lO-fold between 30 rain of incorporation and 90 rain + 2-h chase (see Fig. 2 ). Using this approach, only the fractions that containthe greatest amount of radiolabeled opsin at a given time are apparently radiolabeled. Although radiolabeled opsin persists in fractions 12-14 after 90 rain of incorporation and even after 2 h chase, it can be detected only after prolonged autoradiography as shown in Fig. 3 ROS were sheared off the retinas at the indicated time points, fractionated on discontinuous sucrose density gradients, and aliquots equal to 0.7 retinas were electrophoresed on a 10% SDS-PAGE gel. The gel was stained with Coomassie blue (CB), dried, and au- (Fig. 6, A and C) . No intact Golgi membrane is seen in cells treated with BFA (Fig. 6 , B and D).
toradiographed for 6 d at -70°C ([s~S]-Met).
Dcretic and Papcrrnaster Membrane Protein Sorting in Photoreceptors
To study the effect of constant exposure to BFA on opsin transport, we preincubated retinas for 50 min in the presence of 5 #g/ml of the drug before addition of [35S]methionine, continued the 90-min pulse-2-h chase experiment in the presence of BFA, and monitored intracellular opsin transport by subcellular fractionation. The total amount of incorporated radioactivity is the same as in the control samples (data not shown), therefore BFA has no significant effect on protein synthesis in the retina. The effects of BFA on delivery of radiolabeled opsin to the ROS and its distribution in the pooled gradient fractions were assessed by SDS-PAGE and autoradiography (Fig. 7) . In the presence of BFA, virtually no newly synthesized opsin is found in the outer segment fractions (Fig. 7, ROS, first panel) , even if the drug is removed during the chase (ROS, second panel). 2 h of chase after removal of BFA are insufficient to restore post-Golgi transport and insertion of opsin into newly formed disks. Distribution of radiolabeled opsin in the pooled subcellular fractions of drug treated retinas changes dramatically compared to the control (Fig. 7, first and third panel) . Only a very small amount of newly synthesized opsin collects in fractions 4-6 and the majority shifts to heavy fractions (9-14). The fraction 4-6 pool begins to regain its radiolabeled content when BFA is removed during the chase (Fig. 7, second panel) , before newly synthesized opsin reaches the outer segments.
If BFA is introduced only during a 30-min chase, small amounts of labeled opsin appear in the outer segments and even more accumulates after 2 h of chase in the presence of BFA (Fig. 7 , ROS, fourth and fifth panel). Although the fraction 4-6 pool has a lower content of radiolabeled opsin in the presence of BFA during the chase, (Fig. 7 , fourth and fifth panel) compared to the control (third panel), those fractions still contain a considerable post-Golgi pool of radiolabeled vesicles that form during 90 min of isotope incorporation without BFA. Therefore, those radiolabeled membranes that have already escaped the Golgi apparatus after 90 min of incubation can complete their journey to the outer segment unimpeded by the drug.
The effects of BFA in these transport studies further support our interpretation that pooled fractions 4-6 contain a compartment that acquires newly synthesized opsin only after it has passed through the Golgi region but before it reaches the outer segments.
Isolated Post-Golgi Vesicles Are Relatively Homogeneous
Fraction 5 was compared morphologically to the other fractions separated on the sucrose gradient. Fig. 8 shows typical electron micrographs of thin sections through the pellets obtained from fraction 5 (A) and fractions 7, 9, and 11 (B, C, and D, respectively). Fraction 5 contains numerous small vesicles varying from 50 to 350 nm and very little contamination with other morphologically distinguishable subcellular organelles. By contrast, both lower density (fraction 3, data not shown), and higher density fractions (7, 9, and 11) are morphologically very heterogeneous. Besides vesicle-like structures they also contain membranous sheets, stacks of ROS disks, broken mitochondria, Golgi fragments, and ER membranes. These major differences in the appearance of the fractions are also reflected in their protein composition, as shown in Fig. 3 A. Therefore, fraction 5 is enriched in a relatively homogeneous population of vesicles with similar properties including, buoyant density, size, morphology, and rather simple protein content.
Opsin in Isolated Post-Golgi Vesicles Has an Orientation Comparable to the Transport Vesicles In Vivo
In the vesicles clustered beneath the connecting cilium in situ, opsin is embedded in the lipid bilayer with the same orientation as in the ROS disks, with the NH2 terminus exposed on the inside of the vesicle surface (Defoe and Besharse, 1985) . By analogy to the ROS disks, this orientation would place opsin's COOH-terminal domain on the cytoplasmic surface of the vesicle. We tested the topology of the opsin in the vesicles of fraction 5 by determining the susceptibility of opsin in the membrane to limited thermolytic digestion. Thermolysin cleaves bovine opsin's carboxy-terminal peptide 337-348 in the initial stages, and with more extensive proteolysis of membrane-bound rhodopsin in ROS disks, yields an F1 fragment (containing the NH2-terminal two-thirds of the protein) and an F2 fragment (containing the COOH-terminal one-third), from which 4, 12, or 21 COOH-terminal amino acids are removed by digestion at three additional sites (Hargrave et al., 1987) . This is schematically shown in the diagram in Fig. 9 . We detected the reaction products of thermolytic digestion of frog ROS and fraction 5 membranes on immunoblots with mAb E, which is one of the antibodies that binds to opsin's NH2-terminal described by Adamus et al. (1985) and mAb 11D5 (which reacts with opsin's COOH-terminal domain as described below). The results are shown in Fig. 9 . Reactivity of immunoblots of ROS membranes or fraction 5 vesicle membranes with mAb 11D5 is largely lost after digestion with thermolysin, mAb E detects native opsin, its dimer (69 kD), as well as two smaller digestion products: ,~32 kD (consistent with the loss of 12 COOH-terminal amino acids) and ,u26 kD (comparable to bovine opsin fragment F1). Therefore, the carboxy-terminal domain of opsin is susceptible to the proteolytic action of thermolysin, consistent with its exposure at the cytoplasmic surface of the vesicle. There is more undigested opsin remaining in the fraction 5 digestion product than in the digested ROS, which may suggest that there is a small proportion of inside-out vesicles in this fraction. However, the relative abundance of the F1 fragment in the digestion products suggests that proteolysis is slower with fraction 5 membranes. Conformational change of rhodopsin in bovine ROS upon bleaching has been shown to influence the kinetics of digestion (Kiihn et al., 1982) , and our results may simply reflect a different conformation of opsin in fraction 5 compared to ROS.
Specificity of mAb 111)5
mAb l lD5 was generated by immunization of a BALB/c mouse with fraction 5 membranes. This antibody detects opsin in the immunoblots of fraction 5 and ROS membranes as Figure 9 . Topology of opsin in ROS and fraction 5 vesicles probed by thermolysin digestion and immunoblotting with mAb llD5 anti-opsin COOH-terminal and mAb E anti-opsin NH2-terminal. Diagram shows cleavage sites after limited thermolytic digestion of the membranebound bovine rhodopsin (Hargrave et al., 1987) , as well as mAb 11D5 and mAb E binding sites. After digestion, opsin is cleaved to smaller fragments of ~ 32 and 26 kD in both membrane populations. Undigested opsin and its 69-kD dimer are reactive with both antibodies. The digested fragments are reactive only with mAb E, indicating that the COOH-terminal domain has been destroyed by proteolysis at the cytoplasmic surface of the membrane.
shown in Fig. 9 . Binding of this antibody to ELISA plates coated with bovine opsin was inhibited by the synthetic peptide corresponding to the 1 '-9' (COOH-terminal) sequence of bovine opsin, with the concentration for 50% inhibition (IC50) of 0.1 nM (Adamus, G., and P. Hargrave, personal communication). Although, mAb 11D5 is found to be specific for opsin, if the gel is overloaded with fraction 5 membranes it also binds to a 20-kD peptide (this specificity persists despite subcloning twice), mAb 11D5 labels ROS disk and plasma membrane and vesicles clustered near the cilium in the inner segment on thin sections of frog retinas, as shown in Fig. 10 , in a pattern comparable to prior immunoelectron microscopic studies of retinas which were labeled with antiopsin antibodies (Papermaster et al., 1985) .
Immunoisolation of the Opsin-bearing Transport Vesicles
Opsin-bearing vesicles were isolated from fraction 5 by adsorption of membranes to beads coated with mAb 11D5. Electron microscopy shows that bound vesicles decorated the antibody coated beads (Fig. 11 A) , while no membranes were attached to the beads coated with non-specific murine IgG1 (data not shown). Vesicles bound to 11D5 immunobeads appear to be smaller than fraction 5 vesicles shown in Fig. 8 . However, examination of the large number of beads with bound vesicles suggests that there are also larger vesicles attached to the beads, but they often collapse, probably as a consequence of the treatment during immunoisolation. Moreover, •85 % of the radiolabeled fraction 5 membrane proteins are bound after incubation with the rnAb 11D5 coated beads, suggesting that the majority of the fraction 5 membranes are immunoisolated with this antibody. Only •10% of radiolabeled proteins are nonspecifically adsorbed by the control IgG1 coated immunobeads. Autoradiograms of radiolabeled membranes that are immunoisolated with mAb llD5 coated beads, separated by SDS-PAGE and blotted onto Immobilon-P membranes are shown on Fig. 11 B. Antibody coated beads adsorb the majority of the sedimentable radiolabeled membranes regardless of the starting material: either total fraction 5 from the sucrose gradient, or the 40,000 rpm pellet of fraction 5. Total fraction 5 contains proteins that are not sedimentable after dilution with 10 mM Tris and are not adsorbed to the mAb I 1D5 coated beads.'Their cosedimentafion with fraction 5 membranes into the initial gradients and their release into the supernatant of diluted and pelleted fraction 5 membranes suggests that they are peripheral membrane proteins. The specificity of their association with the membranes is under further study. Membrane proteins specifically bound to mAb 11D5 coated beads have the same relatively simple pattern described earlier in the high speed pellet of fraction 5 (c. f. Fig.  3 B) . However, since protein content and exposure time of the autoradiograph shown on Fig. 3 B are >10 times higher than the one in Fig. 11 B, proteins other than opsin are not as readily detectable in Fig. 11 B. Presence of other membrane proteins of fraction 5 on the immunoisolated vesicles suggests that they may also be carried on the same vesicle as opsin and not on cosedimenting membranes.
Discussion
Post-Golgi membranes of frog retinal rods are an important contributor to the final structure of the cell since there is such a large amount of new ROS membrane generated each day. To ascertain their composition and to compare them to their counterparts in other highly polarized cells we isolated these membranes. To separate retinal subcellular organelles we found that shallow linear sucrose density gradients were valuable in partially attaining this goal. After newly synthesized opsin had left the Golgi apparatus and began to enter ROS, low density vesicles with a mean buoyant density of 1.09 g/ ml became the most radiolabeled subcellular fraction. This buoyant density correlates well with the distribution of endocytic and exocytic vesicles described in other cells that are fractionated on similar sucrose density gradients (Mueller Figure 10 . Monoclonal antibody llD5 labels ROS disk and plasma membrane as well as transport vesicles clustered around the cilium on the thin section of the LR gold embedded frog retina. Plasma membrane of the rod inner segment is nearly unlabeled, as well as COS disk and plasma membranes. Bound mAb was detected with rabbit anti-mouse IgG followed by a goat anti-rabbit gold (10 nm) conjugate. ROS, rod outer segment; COS, cone outer segment; C, cilium; V, vesicles; R/S, rod inner segment. Bar, 0.3 ttm. and Hubbard, 1986; de Curtis and Simons, 1989) . Although a low density vesicular fraction has also been reported as a pre-Golgi transport intermediate (Urbani and Simoni, 1990; Lodish et al., 1987) , the kinetics of appearance of radiolabeled opsin in fraction 5, as well as the apparent molecular weight of mature opsin in its membranes, indicate that fraction 5 is largely a post-Golgi compartment.
Vesicles clustered beneath the connecting cilium have about 50 % of the intramembranous particle (IMP) density of ROS disks when IMPs are quantitated in freeze-fracture EM studies (Besharse and Pfenninger, 1980) suggesting that these vesicles have a lower protein content and higher lipid/ protein ratio than outer segment disks. Such vesicles should distribute into density gradient fractions that are lighter than outer segment disks, which sediment at "o1.12-1.13 g/ml (corresponding to fractions 7 and 8). The density of 1.09 g/ml for post-Golgi vesicles (fraction 5) is compatible with the expected density from the freeze fracture EM study.
Accumulation of newly synthesized opsin in fraction 5 vesicles simultaneously with its appearance in the ROS can also be explained by alternative possibilities: (a) fraction 5 contains endocytic vesicles, which are taking up newly synthesized opsin after its insertion into the plasma membrane or, (b) fraction 5 contains basal ROS disks, which are rich in newly synthesized opsin and have a different lipid/protein ratio that separates them from the older disks after homogenization and sedimentation on the sucrose gradients. Endocytic vesicles have been demonstrated in frog photoreceptor cells to function in the uptake of interphotoreceptor retinol binding protein (Hollyfield and Rayborn, 1987) . If vesicles sedimenting in fraction 5 are generated by endocytosis, opsin would have to be inserted, at least transiently, into the inner segment plasma membrane. Very little immunocytochemically detectable opsin is found in the inner segment plasmalemma of amphibian rods (Besharse and Pfenninger, 1980; Nir and Papermaster, 1983) except near the periciliary ridge complex, a small area surrounding the cilium, where the transport vesicles fuse and deliver newly synthesized opsin (Peters et al., 1983; Papermaster et al., 1985 Papermaster et al., , 1986 . This is also shown in Fig. 10 . Endocytosis of newly synthesized opsin from the plasma membrane is, therefore, a relatively unlikely source of the vesicles in fraction 5. However a transient source on the inner segment plasma membrane could be missed by EM techniques, if a small fraction of newly synthesized opsin chains is sorted by transcytosis, an additional sorting step suggested by Matter et al. (1990) . Our studies do not exclude the possibility that transcytosis might be used if there are missorted proteins in the photoreceptor cell.
Nearly all of the ROS membranes are removed from the Figure 11 . Vesicles from the gradient fraction 5 may be immunoisolated with the beads coated with mAb 11D5. (A) Electron microscopy of the vesicles adsorbed on beads coated with mAb llD5, after incubation with gradient fraction 5. (B) Autoradiogram of radiolabeled membrane proteins bound to the beads separated by SDS-PAGE and blotted onto Immobilon-P membranes. When immunobeads were incubated with the membranes pelleted from fraction 5 (lane 1 ), or with the total fraction from the sucrose gradient (lane 4), the composition of radiolabeled material bound to mAb llD5-coated beads (lanes 2 and 5) or murine IgGl-coated beads (lanes 3 and 6) did not change. Immunoisolated membranes appear to contain more opsin 69-kD dimer than the starting material, probably because of the prolonged treatment of the membranes before solubilization which promotes aggregation. Only freshly solubilized membranes contain no opsin dimer on the SDS gels. Aliquots in each lane equal ,'~0.2 retinas. Radiolabeled membranes shown in lane 5 here correspond to the sample analyzed by electron microscopy (A). Bar, 0.5 ~m.
remainder of the retina during the first low-shear homogenization step, but each preparation of subcellular fractions from the rest of the retina still has "~3 % ROS contamination. As shown in Fig. 3 A, the amount of the residual ROS from six retinas that sediment in fractions 7 and 8 is comparable to the amount isolated from 0.2 retinas. There is a possibility that contaminating radiolabeled ROS disks can separate into two fractions after homogenization: one that sediments in fractions 7 and 8 and is relatively unlabeled, and another that sediments in lighter fractions and contains only newly synthesized basal ROS disks. If vesiculated basal disks are the source of radiolabeled opsin in fraction 5, a certain portion of those disks should also be removed from the retina after the ROS separation and should appear simultaneously in the isolated ROS. We evaluated the kinetic order in which fraction 5 and ROS compartments acquire radiolabeled opsin when we perturbed intracellular transport with BFA, a drug that reversibly blocks transport out of, but not back to, the ER. When we included BFA in the retinal incubation media, opsin transport was reversibly inhibited; upon removal of the drug, newly synthesized opsin failed to reach outer segments after 2 h of chase but did reenter the post-Golgi vesicles in fraction 5. This provides evidence that fraction 5 membranes are not derived from highly labeled basal ROS disks. The reappearance of radiolabeled opsin in the membranes of fraction 5 after release from BFA inhibition indicates that the radiolabeled vesicles are exocytic post-Golgi carriers.
Formation of an extended Golgi-ER compartment by the action of BFA that is added only during the chase significantly inhibited opsin accumulation in the post-Golgi vesicles, but did not influence post-Golgi transport of newly synthesized opsin molecules that had already passed the barrier created by the drug. It is interesting to note that addition of BFA only during the chase period (30 min or 2 h) caused appearance of more slowly migrating (untrimmed) forms ofopsin in fractions 9-14, while in the prolonged, constant presence of the drug (nearly 4.5 h of preincubation, incubation, and chase), opsin was modified to a more rapidly migrating form by oligosaccharide processing enzymes which were probably redistributed to the merged Golgi-ER compartment, as suggested by Ulmer and Palade (1989) .
We have used monoclonal antibodies for immunoisolation of fraction 5 membranes; one of these, mAb llD5, reacts avidly with opsin's COOH-terminal domain. The majority of sedimentable radiolabeled membrane proteins in this fraction appeared in the immunoisolated membranes using this mAb, which indicates that they are associated with opsinbearing vesicles. The protein content of these vesicles is extremely simple compared to all other retinal subcellular fractions except for the ROS. Exocytic vesicles of BHK cells are also simpler in composition compared to Golgi and ER fractions (de Curtis and Simons, 1989) .
It still remains to be determined if opsin or any of its associated proteins provide the vesicles with the necessary sorting information to direct them to the base of the connecting cilium and to avoid fusion with the lateral cell membranes or transport along the axon to the synapse. Expression of opsin in transfected polarized kidney epithelial cells leads to its accumulation in the plasma membrane but its distribution is not polarized (Oprian et al., 1987; Nathans et al., 1989 ). An additional signal may therefore be needed for localized delivery to and/or restriction of randomization from special do-mains such as the outer segment in the frog rod. In preliminary studies we have identified, on blots of the SDS gels of the vesicle fraction, three low molecular mass GTP-binding proteins ( Microtubules appear not to be involved in the transport of opsin through the mitochondria-rich ellipsoid region at the apex of the frog rod inner segment because its transport to the ROS is not inhibited by nocodazole (Vaughan et al., 1989) . Which cytoskeletal elements, if any, are used for the transport of opsin remains unknown.
Newly synthesized proteins destined for the rod outer segment may move vectorially along a continuous reticulum where "vesicles" are actually discrete swellings along the reticular cisternae. Such a reticulum has been described in the endocytic pathway of epidermoid cancer (Hep-2) ceils (Hopkins et al., 1990) and the trans-Golgi reticulum of astrocytes (Cooper et al., 1990) . At the base of the connecting cilium in the photoreceptor, the juxtaciliary membranes appear to be 100-nm-diam vesicles (Papermaster et al., 1985 (Papermaster et al., , 1986 while the vesicles we have isolated are considerably larger and are comparable in size to the "varicosities" of the reticulum described by Hopkins et al. (1990) . Isolation and characterization of these membranes and evaluation of their kinetics of transport are simply the first steps toward clarifying these issues. If some of the molecules that are associated with the opsin-bearing transport membranes are generally used by other polarized cells, the study of this unusual neuron will have a more general impact on the exploration of the problem of attainment and maintenance of cell polarity.
